The body's response to immune challenges and tissue damage involves a complex inflammatory process. The innate immune system acts as the initial barrier that protects from infectious agents and also senses endogenous danger molecules released after traumatic insults to mediate the response to injury. This latter role is particularly important in the central nervous system (CNS), where challenges like trauma, ischemia, or pathological neurodegeneration must be promptly contained. However, overactivation of the neuroinflammatory response can trigger deleterious effects and worsen the functional outcome of the injury, a process often observed after spinal cord injury (SCI) and stroke, as well as in neuropathic and inflammatory pain pathologies (Rice et al., 2007; Scholz and Woolf, 2007) .
Many pathological neuroinflammatory reactions are characterized by increased production of the proinflammatory cytokine interleukin-1 (IL-1). Although the involvement of IL-1 in CNS injury pathologies is widely accepted, the mechanisms behind its formation and release are incompletely understood. The inflammasome is emerging as the major determinant in the formation of mature IL-1, which undergoes proteolytic processing from its immature pro-IL-1 form by the protease caspase-1 (Gross et al., 2011) . Inflammasomes are multi-protein complexes formed of NOD-like receptor proteins (NLRPs) that act as scaffolds for the caspases necessary for cytokine processing. Of the several classes of inflammasomes that exist, both the NLRP1-and NLRP3-containing subfamilies assemble with caspase-1 to process IL-1. Because of its role in IL-1 maturation, activation of the inflammasome is critical to the induction of neuroinflammatory cascades. NLRP inflammasomes are activated by recognizing pathogen-associated molecular patterns or, in the case of endogenous signals released after injury, dangerassociated molecular patterns.
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NLRP3-mediated IL-1 processing. ATP is released or leaked from damaged cells after trauma, and the subsequent increase in extracellular levels of ATP is thought to play a major role in triggering the neuroinflammatory response in the CNS (Burnstock, 2008) . However, the mechanism linking extracellular ATP to inflammasome activation to IL-1 release in CNS pathologies is unresolved. A recent report by de Rivero Vaccari et al. (2012) addresses several unanswered questions, including the cellular source of IL-1 in SCI models as well as the identity of the ATP receptor involved. Specifically, their results indicate a neuronal contribution to IL-1 release in the SCI response and implicate the P2X4 purinergic receptor in this system. Here, I discuss both of these results in light of previous work, suggesting microglial involvement in IL-1 processing and identifying P2X7 as the major purinergic receptor responsible for cytokine release. I propose a model in which P2X4 acts as an upstream trigger of P2X7 activation to enhance IL-1 release and the inflammatory response. I also discuss the potential implications of de Rivero Vaccari's results regarding the role of neuroinflammation in other CNS pathologies.
Cellular source of IL-1
One of the major findings of the study by de Rivero Vaccari et al. (2012) is the neuronal origin of IL-1 after SCI. In the periphery, inflammasome proteins involved in IL-1 maturation, which are found in monocytes, macrophages, dendritic cells, and neutrophils, are widely believed to be localized to cells of immune origin; however, the cellular localization of the inflammasome in the CNS has been unclear. NLRP1 components have been identified in neurons and astrocytes of the spinal cord, and microglia can also release IL-1 (Ferrari et al., 1997; Silverman et al., 2009) . To demonstrate the involvement of neurons in IL-1 processing, de Rivero Vaccari et al. (2012) first showed that SCI-induced inflammasome responses were decreased in P2X4-deficient mice. They then used a knock-in of the -gal reporter 1997; Di Virgilio, 2007) and in neurons (Silverman et al., 2009 ). de Rivero Vaccari et al. (2012 challenge the notion that P2X7 is the sole purinergic receptor involved in IL-1 release by showing that P2X4-KO mice exhibit lower levels of IL-1 when compared with WT mice, as well as a decrease in caspase-1 activity. Several functional differences between P2X4 and P2X7 purinergic receptors could affect the CNS response to injury. Mouse P2X4 receptor channels are 100 times more sensitive to ATP than P2X7 (North and Surprenant, 2000) . P2X4 activation of the inflammasome might therefore allow for a graded neuroinflammatory response early after injury. Moreover, P2X7 activation of the caspase cascade induces apoptotic cell death, whereas sustained activation of P2X4 does not (Virginio et al., 1999; Bernier et al., 2012) . One could therefore speculate that, after SCI, the surviving neurons around the lesion site, which are P2X4-positive (Schwab et al., 2005) , contribute to the maintenance of the inflammatory environment by releasing IL-1 through stimulation of P2X4. In vitro experiments investigating the activation of inflammasome components in neurons exposed to low ATP concentrations (micromolar range), in the presence of the specific P2X4 potentiator ivermectin or P2X7 blockers (such as BBG), could help decipher the role that the purinergic receptor channels play in IL-1 release. Similar experiments performed on peritoneal macrophages from P2X7-KO mice provide evidence that, in the presence of ivermectin, P2X4 activation can indeed induce IL-1 release (Seil et al., 2010) .
Molecular mechanism of ATP-induced inflammasome activation
Although the study by de Rivero Vaccari et al. (2012) does not directly address the molecular mechanism underlying ATP-dependent activation of the inflammasome, their results implicating P2X4 allow interesting parallels to be drawn with the P2X7-dependent mechanism. P2X7-mediated NLRP1 and NLRP3 inflammasome activation requires pannexin-1 (Panx1) hemichannels (Pelegrin and Surprenant, 2006; de Rivero Vaccari et al., 2008; Silverman et al., 2009) . A large decrease in intracellular K + concentration caused by P2X7-dependent opening of the Panx1 large pore is believed to stimulate caspase-1 activity. However, it is still unclear whether the P2X7 channel or the Panx1 channel, or a combination of the two, acts as the K + efflux pathway. Although some evidence also points toward Panx1 directly activating caspase-1, the nature of the interaction remains unresolved (Silverman et al., 2009 ). In contrast, some groups have reported Panx1-independent assembly of inflammasome complexes and IL-1 release after ATP stimulation (Pelegrin et al., 2008; Qu et al., 2011) . It was recently shown that P2X4 can mediate K + efflux through a large conductance pore independently of Panx1 (Seil et al., 2010; Bernier et al., 2012) . Therefore, P2X4-mediated gene under the control of the P2X4 promoter in the P2X4-KO mice to investigate the cellular expression of P2X4. Strong colocalization of -gal with neuronal markers was seen in control and SCI conditions, suggesting that P2X4, in normal WT mouse spinal cord, is exclusively expressed in neurons (de Rivero Vaccari et al., 2012) .
However, this approach to P2X4 localization is rather indirect. Numerous groups have shown functional and immunohistochemical evidence of P2X4 in spinal microglia in resting and activated conditions (Tsuda et al., 2003; Ulmann et al., 2008) , where it mediates the ATP-dependent release of brain-derived neurotrophic factor (Tsuda et al., 2010) . P2X4 is directly involved in microglial chemotaxis (Ohsawa et al., 2007) , and the developmental effects of P2X4-KO are unclear; thus, the failure to find P2X4 in microglia could arise from deficient microglia migration during development in the P2X4-KO model. This could possibly decrease the microglial population in the spinal cord. In a similar SCI model, it was shown that, although P2X4 was present in surviving neurons, most cells (>60%) expressing P2X4 were highly motile microglia and migrating macrophages that accumulate at the lesion site (Schwab et al., 2005) , indicating that the absence of P2X4-positive microglia observed in the knockout animal by de Rivero Vaccari et al. might be a secondary effect of a cellular migratory defect. Furthermore, de Rivero Vaccari et al. observed a rapid and substantial increase in the abundance of P2X7 and inflammasome components such as caspase-1 after injury. The short (30-min) time frame of the increase indicates that it is more likely to derive from an infiltration of immune cells expressing high levels of inflammasome-signaling proteins rather than from de novo up-regulation, supporting the notion that migrating cells play an important role in the SCI response. The report by de Rivero Vaccari et al. (2012) thus demonstrates a contribution of neuronal P2X4 to the innate immune response in the spinal cord; however, P2X4 likely also plays a role in neuroinflammation via its expression at the surface of migrating and resident microglia.
P2X4 versus P2X7
A recent report showing that when activated with lipopolysaccharide (a process mimicking the microgliosis observed in various CNS injuries and pathologies) spinal microglia release IL-1 upon ATP stimulation (Clark et al., 2010) also suggests that spinal cord microglia play a prominent role in IL-1 release. Like most reports investigating ATP-activated innate immune responses in the CNS, Clark et al. (2010) identified the P2X7 subtype as the main purinergic receptor involved in cytokine release. P2X7-induced IL-1 release through activation of NLRP1 or NLRP3 inflammasome has been demonstrated extensively in immune cells (Ferrari et al., extracellular K + -triggered Panx1 channel opening provide two distinct stimuli for inflammasome assembly. Numerous recent studies have described Panx1 as an ATP release channel. Efflux of ATP through Panx1 has been shown in various cell types, including neurons (Bao et al., 2004; Huang et al., 2007; Xia et al., 2012) . This process could therefore represent another positive feed-forward loop, whereby activated Panx1 would release ATP into the extracellular space, further activating the P2X channels and causing even greater changes in the intracellular K + concentration (Fig. 1) . This model could also explain how the P2X4 large pore and the P2X7-Panx1 pore complex are activated. These events would require the sustained presence of ATP; however, extracellular ATP is rapidly degraded by ectonucleotidases (Kukulski et al., 2011) . ATP release via Panx1 could therefore provide a mechanism to locally regenerate the ATP necessary for P2X4 or P2X7 activation, in this way keeping the process active. It is also possible that the ATP generated in this process could affect surrounding cells, thereby creating a paracrine signaling pathway involving both neurons and immune cells.
permeabilization could elicit K + efflux in a mechanism that could conceivably underlie the inflammasomeactivating role assigned to neuronal P2X4.
Studies analyzing the P2X4 large conductance pore have consistently ruled out a Panx1 requirement for its formation; however, it is possible that Panx1 is implicated in inflammasome activation downstream of P2X4 stimulation. Although many studies hint at K + efflux and the subsequent decrease in its intracellular concen tration as a trigger for IL-1 processing in immune cells (Pétrilli et al., 2007) , in neurons, high extracellular K + can itself activate Panx1-dependent inflammasome activation (Silverman et al., 2009) . As was hypothesized for P2X7 channels, release of K + through the open P2X4 channel could trigger Panx1 activation, creating a positive feedforward loop (Fig. 1) . It would be interesting to investigate this possible mechanism using validated Panx1 blockers such as carbenoxolone, mefloquine, or the 10 panx inhibitory peptide. Such experiments would not only provide information on a possible Panx1-independent role of P2X4 in inflammasome activation but could help determine whether intracellular K + decrease and high A direct interaction between Panx1 and inflammasome components may also occur. Depicted here is a putative mechanism for neuronal autocrine activation of the inflammasome; however, this amplification process could also participate in paracrine signaling as part of a neuron-to-immune cell cross talk.
With such a model containing several amplification steps, the role of P2X4 in the IL-1 maturation cascade identified by de Rivero Vaccari et al. (2012) raises the possibility that P2X4, a receptor channel more sensitive to ATP than P2X7, acts mainly to initiate the signaling cascade. This would be consistent with their results obtained using the P2X4-KO mice, where they observed acute and transient improvements, whereas other reports have found that P2X7 and Panx1 are involved in more chronic activation of the inflammasome complex. However, additional contributions of immune cells later recruited to the site of injury cannot be ruled out. This model for response amplification involves both P2X4 and P2X7, with the latter enhancing the reaction not only via increased K + flux but also by directly coupling to Panx1 opening. The recruitment of P2X4, P2X7, and Panx1 in one coordinated, synergistic pathway could explain the considerable amount of evidence pointing toward the major role of P2X7 and Panx1 in the mechanism of ATP-triggered inflammasome assembly, while fitting with the recent results demonstrating P2X4 involvement (de Rivero Vaccari et al., 2012) . However, their common characteristics in terms of K + flux capabilities could make each component of the pathway somewhat redundant, explaining the reports of pannexinindependent inflammasome activation (Qu et al., 2011) .
Physiological considerations
de Rivero Vaccari et al. reported that the decreased IL-1 release seen in the P2X4-KO mice after SCI translates into an improvement in functional outcome, measured as spinal cord lesion volume and locomotor activity. This adds to the considerable amount of evidence demonstrating a role for IL-1 in exacerbating damage in the CNS after trauma; notably, IL-1 blockade improves recovery from traumatic brain injury and peripheral nerve injury Nadeau et al., 2011) . This highlights the essential role of innate immunity in the CNS. Furthermore, IL-1 signaling is involved in the generation of neuropathic pain, which frequently develops after SCI. Specifically blocking the release of IL-1 as part of the early treatment of SCI might prevent such a progression into chronic pain pathologies. Although more studies investigating IL-1 release mechanisms in the CNS are necessary, a better understanding of the signaling pathways underlying ATP-mediated inflammasome activation will likely lead to improved therapeutic treatment options in cases of brain and spinal trauma.
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